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Transmission and diffraction by photonic colloidal crystals
Introduction
The ambition of extensive research efforts on photonic crystals is to increase the coupling between light and a photonic crystal. A strong coupling will lead to new effects such as localization of light or inhibition of spontaneous emission. 1 - 2 The coupling strength between light and a crystal can be expressed by a parameter *P defined as the ratio of the optical volume per particle -the polarizability -to the physical volume per particle. 3 Several optical studies have already been reported on weakly photonic colloidal crystals CF < 0.05), see ref. [4] [5] [6] . In particular, Tarhan and Watson 7 have resolved the stop bands and the dispersion curves in a colloidal single crystal. The coupling strength *F between light and photonic crystals can be increased by using colloids with a higher refractive index and by raising the volume fraction (p of the particles. The effect of increased volume fraction has been investigated in optical diffraction experiments on colloidal crystals with refractive index ratios m of the particles and the medium of up to 1.45, and *P < O.6. 3 It was found that the photonic band structures result in apparent Bragg spacings that strongly depend on the wavelength of light. 3 If a photonic material is sufficiently well-ordered, the Bragg reflections acquire a finite width. This width is inherently photonic, i.e. it is not due to finite crystal size or scattering from defects. The stop band width is directly related to the photonic strength *P, therefore the width is pertinent to the assessment of a photonic crystal's coupling strength. Here we present measurements of stop bands in the transmission of colloidal crystals.
Experiment
We have investigated the effects of volume fraction on the transmission of colloidal crystals, whose structure and orientation was determined by small angle xray scattering. We have grown colloidal crystals from polystyrene and silica particles with radii r between 100 and 220 nm, suspended in water, methanol, ethanol, or dimethylformamide. Polystyrene colloids were bought from Duke Scientific, silica colloids were made by Stöber synthesis. 8 The samples were sealed in glass capillaries (Vitro Dynamics). Crystals with volume fractions cp > 50% were made by sedimentation under gravity. Crystals with lower volume fractions were made by deionizing the dispersions with resin (BioRad AG501-X8) and adding resin to the capillaries. Optical transmission spectra were measured using a BioRad FTS60A fourier transform spectrometer and a high pressure xenon lamp. The spectra were referenced to the supernatant liquid or to empty capillaries. Knowledge of the crystal structure and orientations is essential to interpret the optical experiments. We determined the structure and orientation of the crystals using small angle x-ray diffraction. This technique probes a much wider range in reciprocal space than optical diffraction, which considerably facilitates structure identification. Moreover, the interpretation of x-ray diffraction is not compounded by multiple scattering effects. The use of a synchrotron beam 9 proves to be a key asset, because the beam can be focused to a small spot, while retaining enough flux to keep collection times reasonable. 
Transmission spectra
Optical transmission spectra at various heights in a polycrystalline sample of polystyrene spheres in methanol are shown in Fig. 2 .1. The transmissions have a clear minimum at a frequency of about 18 000 cm" '. This minimum corresponds to a wavelength of ~ 550 nm for Bragg diffraction in back reflection. It is associated with the stop gap in the L point of the Brillouin zone of fee crystals. The corresponding lattice planes are the close-packed (111) planes oriented parallel to the cell walls. The low transmission beyond the stop band is caused by crystallites that have different orientations, hence they reflect at shorter wavelengths. The presence of such tilted crystallites was inferred from our S AXS diffraction patterns which reveal a polycrystalline average.
With increasing height, the volume fraction is expected to decrease in sedimented samples. crystal. We have accurately determined the position of the stop bands in the spectra for comparison with crystal structure information from our x-ray diffraction experiments, and from optical diffraction. 3 The results are plotted in Fig. 2.2 . By using the x-ray data for the spacings and Maxwell-Garnett effective-medium theory for the refractive index, ' ' we obtain good agreement. The good agreement between the two data sets is the first experimental observation demonstrating that the MaxwellGarnett effective refractive index accurately describes the low-lying stop gaps in the band structure.
Width of the stop bands
The width of the stop bands is directly related to the strength of interaction between light and crystals, and an accurate knowledge of the stop band widths is therefore of utmost importance. The edges of the stop band are clearest at the top of the sample, where the slope of the transmission is largest, see Fig. 2.1 . The attenuation in the stop band is also largest here. The distinctness of the stop band edges decreases from top to bottom in the sample, simultaneously with the crystallite size and the attenuation. Since the stop bands in Fig. 2.1 do not possess an obvious edge frequency there is inevitably some arbitrariness in choice of width. 12 Fortunately, a natural measure of the width is suggested by the transmission plotted on a linear scale as in Fig. 2.3 . The low and high frequency edges of the transmission stop band are well approximated by straight lines. We have estimated the width from the intersection of these straight lines with a horizontal line through the transmission minimum, as indicated in Fig. 2.4 . In Fig. 2 .5 we have plotted the relative widths of the L gap versus volume fraction cp for crystals of polystyrene spheres in water (refractive index ratio m = 1.59/ 1.33 = 1.20). The stop band width increases because the photonic strength increases with the density of scatterers, to ~ 5% at a volume fraction of ~ 40%. Beyond this volume fraction, the width is about constant or slightly decreasing. A decrease is expected for large cp, because in the limit of a homogeneous filling (with cp = 100%) there is no more scattering, and hence the width of the stop gaps is zero. The variation in the experimental data is attributed to disorder in the colloidal crystals, which causes smearing of the band edges. The drawn curve in Fig. 2 .5 is the result of band structure calculations. 13 ' 14 The curve increases to 4.2% at cp ~ 35 vol%, in agreement with the experimental data. As expected, the theoretical stop gap width decreases at higher volume fractions. The observation of a maximum width as a function of cp confirms earlier suggestions that the photonic strength has an optimum as a function of cp. 17, 3 A photonic strength parameter that incorporates this effect is the polarizability 23 per unit cell, which is also the starting point of an analysis by Spry where Gis the length of the 111 lattice vector, /?is the radius of the spheres, 18 and Ji ( x ) = (sinx -xcosx)/x 3 is proportional to the Fourier transform of a unit sphere. For normal incidence on lattice planes parallel to the crystal surface, the photonic strength *F is precisely equal to the relative stop band width as defined in Fig. 2.4 . We have plotted the expression for *F in Fig. 2 .5, taking m = 1.59/1.33 as appropriate for a high index material in a low index background like our polystyrene spheres in water. The photonic strength decreases at higher volume fractions, due to the density-dependence of the Fourier component jj (GR). The photonic strength agrees well with the measured stop band widths, and it closely approximates the numerically obtained widths at low volume fractions. At high volume fractions the expression Eq. 2.1 cannot be expected to accurately predict the stop gap widths, since at high sphere densities the roles of the spheres and the liquid are reversed: the light is diffracted by the liquid in between the spheres and the spheres act as background. An inverted refractive index ratio m = 1.33/1.59 is therefore more appropriate. To illustrate this, we have also plotted the photonic strength parameter *F with the inverted refractive index ratio in Fig. 2 .5. This photonic strength more closely approximates the numerically obtained widths at high densities.
The close correspondence between the photonic strength and the stop gap width contrasts remarkably with the results of a forthright two-band approximation. In a two-band model, the width of the stop gap is controlled by the Fourier component G of either m 2 -1 or 1 -1/m 2 , depending on whether one expands the electric or the magnetic field. Both the electric and the magnetic form of the stop gap width have been plotted in Fig. 2.6 . Both expansions predict too large stop gap widths, whereas these same expansions form the basis of the numerical band structure calculations. Surprisingly, if one expands (m 2 -1 ) / (m 2 + 2), then the two-band model prediction for the stop gap width is indistinguishable from Eq. 2.1. Apparently the polarizability of a single sphere represents the interaction between light and a photonic crystal fairly well. It has even been put forward that there is a direct correspondence between the gaps calculated by plane wave expansion and the Mie resonances of an isolated sphere. 
Conclusions
We have investigated the effects of volume fraction on the transmission of colloidal crystals, whose structure and orientation were determined by small angle xray diffraction. The optical transmission spectra reveal minima corresponding to stop gaps in the photonic band structure on the edge of the Brillouin zone. The positions of the optically measured stop bands agree well with lattice spacings measured by SAXS. The stop bands have a relative width of up to 5% of the gap frequency, in accord with numerical band structure calculations. The maximum in the relative width confirms the notion that the strength of the interaction between photonic crystals and light has an optimum as a function of volume fraction. The photonic strength parameter *P takes this effect into consideration. It agrees well with the observed stop band widths in transmission and closely approximates the numerical results. Recently it has been shown that the stop gaps can also be measured in reflection. 21 Such reflection measurements yield very accurate results; the stop gap widths are again in excellent agreement with the photonic strength *F.
